Abstract Based on neuroimaging data showing absence of the trochlear nerve, congenital superior oblique palsy is now classified as a congenital cranial dysinnervation disorder. A similar absence of the abducens nerve is accompanied by misinnervation to the lateral rectus muscle from a branch of oculomotor nerve in the Duane retraction syndrome. This similarity raises the question of whether some cases of Brown syndrome could arise from a similar synkinesis between the inferior and superior oblique muscles in the setting of congenital superior oblique palsy. This hypothesis has gained support from the confluence of evidence from a number of independent studies. Using Duane syndrome as a model, we critically review the accumulating evidence that some cases of Brown syndrome are ultimately attributable to dysgenesis of the trochlear nerve.
Introduction
Over the past 3 decades, many congenital ocular motility disorders that were formerly considered to result from primary abnormalities of extraocular muscle or orbital tissue development [1] [2] [3] [4] , have been shown to result from abnormal neuronal development. In 2003, Gutowski et al assigned the term congenital cranial dysinnervation disorders (CCDDs) to these conditions that share the common features of dysinnervation to the ocular and facial musculature [5-7, 8•, 9, 10] . In most of these disorders, absent or deficient innervation results in extraocular muscle hypoplasia and fibrosis causing limitation and restriction of ocular rotations. In addition, neuronal misinnervation frequently develops and induces distinctive combinations of synkinetic eye movements (Table 1) .
Duane Syndrome as a Prototypical CCDD
To examine the interrelationship between congenital fourth nerve palsy and Brown syndrome, it is instructive to briefly review the evolution in our understanding of Duane retraction syndrome, the prototypical CCDD. Duane retraction syndrome is a congenital ocular motility disorder that arises from deficient abducens innervation to the lateral rectus muscle causing anomalous innervation from the medial rectus muscle. This anomalous innervation produces cocontraction of both horizontal rectus muscles and a striking retraction of the globe on attempted adduction. In contrast to Duane syndrome, isolated congenital abducens palsy is exceptionally rare [11] , attesting to strong tendency of neuronal misdirection to develop during embryogenesis when developing neurons fail to form normal connections at their target sites within the extraocular muscles. These rare cases of congenital sixth palsy that fail to develop misinnervation could result from the absence or hypoplasia of the abducens nerve fascicle and thus also fall into the classification of CCDD [6, 7] .
Duane retraction syndrome purportedly accounts for 1 %-4 % of strabismus cases [9, 12] . As with various other conditions such as congenital fibrosis of extraocular muscles and congenital ptosis now classified as CCDDs, Duane syndrome was initially thought to result from a primary maldevelopment of the rectus muscles, eg, posterior insertion of the medial rectus muscle [13, 14] or primary fibrosis of the lateral rectus muscle [15] . In 1956, Hoyt and Nachtigael first proposed that Duane syndrome could result from the compensatory innervation to a paretic lateral rectus muscle by an extra branch of the third cranial nerve, causing co-contraction of both horizontal rectus muscles [16] . This theory was supported by electromyographic studies confirming the presence of paradoxical innervation of the lateral rectus muscle [17] . The neurodevelopmental origin of Duane syndrome was subsequently proven by histopathologic studies, which showed absence of the sixth cranial nerve, hypoplasia of the corresponding portion of the abducens nucleus, and misinnervation of the lateral rectus muscle from fibers of the third cranial nerve [18] [19] [20] . Lateral rectus muscle bundles were normal in areas innervated by fibers from the third cranial nerve, whereas the remaining muscle was fibrotic [19, 20] . In contradistinction to Möbius sequence, which requires abnormal development at the level of the abducens nucleus to produce the observed horizontal conjugate gaze palsy, a dysgenesis involving the abducens nerve fascicle is necessary to explain preservation of crossed medial rectus motor neurons in Duane syndrome [11, 21•] . Unlike other CCDDs [22] , orbital magnetic resonance (MR) imaging has shown the size of the lateral rectus muscle to be normal in Duane syndrome, likely due to trophic effects of anomalous innervation of the third nerve [12] . Dynamic orbital MR imaging studies have further shown that the diameter of the lateral rectus muscle remains constant in adduction and abduction, reflecting the fact that it does not relax during adduction as it should [12] . At a higher level of resolution, numerous neuroimaging studies have now documented absence of the sixth nerve and even the misinnervation of the lateral rectus by fibers of the third nerve [23] [24] [25] [26] [27] .
Congenital Fourth Nerve Palsy and Brown Syndrome
Congenital Palsy of the Fourth Cranial Nerve Congenital fourth nerve palsies are particularly common in clinical practice, in part due to their small size and long circuitous anatomical course taken by the developing fourth cranial nerve [28] . The question then arises as to why this condition (unlike congenital sixth nerve palsy, which generally presents as Duane syndrome) is so infrequently associated with neuronal misdirection.
The clinical features of congenital fourth cranial nerve palsy, also referred to as trochlear nerve palsy or superior oblique palsy, are now well-established [29, 30] . Congenital superior oblique palsy is characterized by hypertropia of the involved eye that increases in the opposite field of gaze (ie, in adduction of the paretic eye), and during ipsilateral head tilt. Consequently, patients maintain a head tilt to the opposite side, enabling them to recruit utricular innervation to compensate for the hypertropia. Affected patients may present with apparently isolated inferior oblique muscle overaction (with minimal superior oblique underaction in the involved eye) and correlative extorsion, although they generally do not appreciate any correlative image tilt [31] . Despite its congenital origin, this condition may first come to medical attention during teenage or adult years, when diplopia, asthenopia, or headaches develop from a combination of spontaneous decompensation and superior rectus contracture [11] . The fusional amplitude of vertical deviation is significantly increased, reaching 16 to 30 prism diopters when normal values are 2-3 prism diopters [32] . Because of the large amplitude of vertical fusional vergence, the increase of vertical deviation induced by tilting the head of the patient toward the paretic eye (Bielschowsky head tilt test) is variable in congenital cases, and depends on factors such as fatigue and mental focus. Other associated findings in congenital fourth nerve palsy include longstanding head tilt on old photographs, facial asymmetry from contracture of the lower facial muscles, intermittent exotropia, and amblyopia in the involved eye [33] . Until recently, many authors pontificated that congenital superior oblique palsy resulted from a primary structural abnormality of the superior oblique muscle or its tendon [34] . Abnormalities of the superior oblique tendon were reported in 87 % of congenital cases, and included absence, redundancy, abnormal insertion into the posterior Tenon's capsule, misdirection, and significant laxity [34] [35] [36] . MR imaging has shown that the degree of volume reduction of superior oblique muscle is more pronounced in congenital than in acquired cases [37, 38] . Clark et al later used MR imaging to demonstrate that anatomical infradisplacement of the contralateral lateral rectus muscle could produce a constellation of clinical findings that is difficult to distinguish from those of congenital fourth nerve palsy [39] .
In 2004, Jiang et al found ARIX gene polymorphisms in patients with congenital superior oblique muscle palsy [40] . ARIX gene is expressed in the brainstem nuclei of both oculomotor and trochlear nerves, and mutations are also reported in some forms of congenital fibrosis of extraocular muscles (CFEOM) [40] . This genetic association was one of the initial hints that superior oblique palsy could be part of CCDD [6, 40, 41] . More recently, a study of high-resolution MR imaging by Yang et al found the trochlear nerve to be absent in 73 % of 97 consecutive patients diagnosed with congenital superior oblique palsy [42••, 43••] . It now appears that absence of the fourth cranial nerve leads to secondary hypoplasia or atrophy of the superior oblique muscle with laxity or aplasia of its tendon. In the less common scenario in which trochlear innervation is preserved and the superior oblique muscle is normal and symmetric in volume, then the apparent congenital fourth nerve palsy is due to primary abnormalities of superior oblique muscle tendon or to extraocular muscle heterotopia [43••] . Alternatively, some cases with normally-developed fourth nerves could also represent early postnatal acquired palsies that cannot be differentiated from congenital palsies on clinical grounds.
In summary, congenital fourth nerve palsy probably comprises a number of different etiologies that primarily include primary neurogenic cases (now classified as CCDDs) with some cases less commonly resulting from a primary dysgenesis of the superior oblique tendon or trochlea.
Congenital Brown Syndrome
Brown syndrome is characterized by a limited active and passive elevation of the eye, which is maximal in adduction, a large exotropia in upgaze, and widening of the palpebral fissure in adduction [44] . Acquired cases result from inflammatory, traumatic, or surgical lesions of the superior oblique tendon or trochlea [45] . However, congenital Brown syndrome has long been attributed to structural abnormalities of the superior oblique muscle, tendon or trochlea [1, 44, 45] , which can explain the finding of restricted elevation in adduction on forced duction testing.
An innervational origin for some cases of congenital Brown syndrome was first suspected when electromyographic studies revealed paradoxical innervation of the superior oblique muscle [46, 47] . More recently, Kolling and colleagues and Neugebauer et al proposed that Brown syndrome might fall within the CCDDs [8•, 48] . In support of this hypothesis, Kaeser and colleagues found the ipsilateral fourth cranial nerve to be absent on MR imaging in 2 patients with unilateral congenital Brown syndrome [49•] . In both cases, the superior oblique muscle was neither hypoplastic nor atrophic despite the absence of the trochlear nerve, signifying the presence of an alternative innervation, by analogy with Duane syndrome [12, 49•] . Furthermore, the size of the involved superior oblique muscle remained constant during vertical eye movements, suggesting no physiological relaxation of the muscle in upgaze. This finding can be interpreted as an indirect sign of synkinetic innervation to the superior oblique muscle, again by analogy with Duane syndrome wherein the diameter of lateral rectus muscle remains constant during adduction and abduction [12] .
If Brown syndrome is considered in the context of a CCDD, then an anomalous innervation of the superior oblique muscle by fibers of the third cranial nerve intended either for the medial rectus and/or inferior oblique muscle has to be presumed (Table 2) . A co-innervation of the superior oblique and medial rectus muscles is not implausible, as these 2 muscles lie in closer anatomic proximity than the medial and lateral rectus muscles, which are known to be co-innervated in Duane syndrome. Co-contraction of superior oblique with either the medial rectus or inferior oblique muscles could produce a limitation of elevation that is most apparent in adduction, as well as other features of congenital Brown syndrome. The widening of the lid fissure frequently noticed during adduction in congenital Brown syndrome can be explained by the fact that both oblique muscles have their functional origin anterior to the eye equator, and thus their simultaneous contraction will pull the eye outwards and retract the lids. The absence of significant ocular torsion is explained by the mutual cancellation of torsional action of both oblique muscles (superior oblique muscle intorts the eye, while inferior oblique muscle extorts it). A coincidental innervation of the superior oblique muscle by fibers intended for the medial rectus would also explain the depression of the eye in adduction present in some patients [8•, 48] . The associated exotropia in upgaze and persistent restriction of passive eye movement arise from contracture of the superior oblique muscle [5, 8•] .
It has also been proposed that dysinnervation of the superior oblique muscle can lead to dysgenesis of the superior oblique muscle in the region of the trochlea [50•] . In their recent publication, Ellis and colleagues described coincident superior oblique hypoplasia and other signs of aberrant innervation in patients with congenital Brown syndrome [50•] . To explain their findings, the authors invoked a combined neurogenic and mechanical theory for both congenital superior oblique palsy and congenital Brown syndrome but without paradoxical innervation [50•] . According to the authors, the absence of the normal innervation of the superior oblique muscle by the trochlear nerve induces secondary abnormal development of the superior oblique muscle, tendon and/or trochlea. This abnormal development may take 1 of 2 forms: either a hypoplastic superior oblique muscle with lax tendon, thus causing congenital superior oblique palsy, or a significant fibrosis or abnormal insertion of the superior oblique tendon, resulting in congenital Brown syndrome [50•] . This neurogenic/mechanical theory allows that some patients with absent superior oblique innervation develop tendon laxity while others develop stiffness, but does not account for the normal size of the superior oblique muscle, which so frequently occurs in congenital Brown syndrome [49•] . Any single neuroanatomical origin for congenital Brown syndrome would fail to explain the markedly positive forced duction test that provides diagnostic confirmation and the natural history of spontaneous resolution that occurs in some cases [51] . Therefore, we believe it likely that, neurogenic mechanisms and structural dysgenesis can both give rise to this phenotype. Kaeser et al recently described a patient with bilateral congenital Brown syndrome who spontaneously improved on one side [52] . MR imaging showed the intracranial trochlear nerve to be absent only on the side of the persistent Brown syndrome. As in previously published cases [49•] , the size of the superior oblique muscle was normal and symmetric, but the superior oblique muscle did not relax on upgaze on the side of the persisting Brown syndrome, while it did on the resolved side. This case illustrates that congenital Brown syndrome can have a multiplicity of causes (involving both anatomic and neurogenic factors) even in the same patient. Those cases of Brown syndrome resulting from primary structural abnormalities of the superior oblique muscle, tendon, or trochlea seem to have the potential for spontaneous improvement related either to natural growth or to the repetitive elevation of the eye induced by the contraction of the superior rectus muscle. On the other hand a dysinnervational Brown syndrome would be expected to persist throughout life.
Conclusions
In analogy with the physiopathology of Duane syndrome, some cases of congenital Brown syndrome may represent a dysinnervation syndrome in which the absence of the trochlear nerve is accompanied by anomalous innervation and/or structural dysgenesis of the superior oblique muscle/trochlea complex (Fig. 1) . Such an innervational origin to explain some cases of congenital Brown syndrome is supported by clinical and neuroimaging evidence at a number of levels: electromyographic studies showing paradoxical innervation of the superior oblique muscle [46, 47] , absence of the trochlear nerve, on MR imaging without superior oblique muscle hypoplasia or atrophy, and absence of physiologic relaxation of the superior oblique muscle in upgaze [49•] . However, histologic confirmation of paradoxical innervation of the superior oblique muscle through fibers of the third cranial nerve has not been obtained. It is probable that some cases, especially those with spontaneous resolution, result from primary structural abnormalities of the superior oblique muscle, tendon, or trochlea.
Many intriguing questions remain about the pathogenesis of the CCDDs as they relate to these 2 overlapping conditions. First, their underlying etiology remains unknown, especially in sporadic cases. Do they result primarily from genetic factors [40] or from thromboembolic causes, as recently proposed by Robert and Parsa [21•] ? Second, why is anomalous innervation more common in the setting of sixth than in fourth cranial nerve dysgenesis? Could occult synkinesis (in the form of dysinnervation from the superior rectus muscle to the paretic superior oblique muscle, for example) large fusional amplitudes and gradual development of ipsilateral superior rectus muscle contracture that often accompanies this condition? If so, then the adherence to a structural etiology for congenital fourth nerve palsy and congenital Brown syndrome may only be due to the incomplete elucidation of their neurodevelopmental etiology, similar to our early thinking about Duane syndrome. Finally, this analysis begs the question of whether similar mechanisms of neural dysgenesis can produce dysinnervation at the cortical level, giving rise to a different group of disorders characterized by misinnervation of afferent visual pathways (albinism, achiasmia, infantile esotropia). Some of these conditions have been found to overlap with the CCDD at the cellular and molecular level [53] . As the genetic and molecular causes of different forms of cranial dysinnervation become more clearly elucidated, these clinically-disparate conditions will inevitably become more unified.
